Rapid binding of peptides to MHC class II molecules is normally limited to a deep endosomal compartment where the coordinate action of low pH and HLA-DM displaces the invariant chain remnant CLIP or other peptides from the binding site. Exogenously added peptides are subject to proteolytic degradation for extended periods of time before they reach the relevant endosomal compartment, which limits the efficacy of peptide-based vaccines and therapeutics. In this study, we describe a family of small molecules that substantially accelerate the rate of peptide binding to HLA-DR molecules in the absence of HLA-DM. A structureactivity relationship study resulted in analogs with significantly higher potency and also defined key structural features required for activity. These compounds are active over a broad pH range and thus enable efficient peptide loading at the cell surface. The small molecules not only enhance peptide presentation by APC in vitro, but are also active in vivo where they substantially increase the fraction of APC on which displayed peptide is detectable. We propose that the small molecule quickly reaches draining lymph nodes along with the coadministered peptide and induces rapid loading of peptide before it is destroyed by proteases. ϩ regulatory T cells) (1, 2). The MHC class II pathway also plays a central role in the pathogenesis of many autoimmune diseases, and genome-wide studies have documented that the MHC class II region represents the most prominent susceptibility locus for a number of these diseases, including type 1 diabetes (3), multiple sclerosis (4), and rheumatoid arthritis (5). Much effort has been invested to develop therapeutics that act through the MHC class II pathway, but the cell biological mechanisms of peptide loading represent a major obstacle to efficient loading of MHC class II molecules with exogenously administered peptides or other types of therapeutics.
T he MHC class II Ag presentation pathway serves an essential role in the induction of adaptive immune responses by CD4 T cells, and particular subsets of CD4 T cells control key aspects of the resulting response by provision of help to B cells (T follicular helper cells), coordination of responses to different classes of pathogens (Th1, Th2
, and Th17 cells), and prevention of immune-mediated tissue damage (Foxp3 ϩ regulatory T cells) (1, 2) . The MHC class II pathway also plays a central role in the pathogenesis of many autoimmune diseases, and genome-wide studies have documented that the MHC class II region represents the most prominent susceptibility locus for a number of these diseases, including type 1 diabetes (3), multiple sclerosis (4), and rheumatoid arthritis (5) . Much effort has been invested to develop therapeutics that act through the MHC class II pathway, but the cell biological mechanisms of peptide loading represent a major obstacle to efficient loading of MHC class II molecules with exogenously administered peptides or other types of therapeutics.
One of the central problems in peptide loading onto MHC class II molecules is that empty molecules quickly lose the ability to bind peptide (6 -8) . Although a small fraction of molecules can slowly revert back to a peptide-receptive state, the majority of empty molecules lose functionality and aggregate (9) . Before arrival of MHC class II molecules in the endosomal compartment, the peptide binding site is protected by the CLIP segment of the invariant chain, and proteolytic degradation of the invariant chain in endosomes then enables exchange of the CLIP peptide with peptides generated by proteolysis of other Ags (10, 11) . The second major obstacle to efficient peptide loading is the long half-life of most MHC class II-bound peptides (12) , and rapid exchange thus requires a catalyst that accelerates dissociation of bound peptide. In the late endosomal peptide-loading compartment, this function is executed by the HLA-DM (DM) protein, which accelerates dissociation of bound peptide and also facilitates association of new peptide by maintaining empty MHC class II molecules in a highly peptide-receptive state (13) (14) (15) (16) (17) (18) (19) . Furthermore, the neutral pH at the cell surface considerably slows the dissociation of MHC class II-bound peptides, and high-affinity peptides are bound with half-lives of days to weeks under such conditions (12) . Fast DMcatalyzed loading is thus restricted to a specialized low pH endosomal compartment (20) , and exogenously administered peptides face prolonged exposure to proteases during transport to this site. Degradation of most of the administered peptide could be prevented by catalyzed loading at the cell surface or in an early endosomal compartment.
This challenge has spurred recent interest in identifying small molecules that can enhance the exchange of surface-presented peptides on APC with therapeutic peptides or proteins. Two structural mechanisms enable long-lived peptide display by MHC class II molecules: a series of hydrogen bonds between the MHC helices and the peptide backbone as well as occupancy of a set of MHC pockets by peptide side chains (21, 22) . The hydrogen bonds between the MHC helices and the peptide backbone provide a sequence-independent binding mechanism that induces an extended conformation of the bound peptide. Important hydrogen bonds that contribute substantial binding energy are located close to the peptide N terminus and involve backbone to backbone hydrogen bonds between the HLA-DR (DR) ␣-chain (␣51F and ␣53S) to the P-2 and P1 residues of the peptide as well as hydrogen bonds from DR␤ side chains (␤81H and ␤82N) to the backbone of the P-1 and P2 residues (22) . How DM catalyzes peptide exchange is not fully understood, but it is known to interact with a lateral face of MHC class II close to the peptide N terminus (23) (24) (25) and assumed to cause a conformational change that accelerates peptide dissociation (14, 26) . Due to the large interaction area between DM and DR proteins, which spans the length of the extracellular domains of both proteins, small molecules with DM-like activity may help to define conformational changes in DR proteins that can result in peptide release.
In this study, we report a group of small molecules that substantially accelerates peptide loading of DR molecules. Similar to DM, these small molecules appear to act on DR proteins near the peptide N terminus and accelerate both peptide dissociation and association. The small molecules are active over a broad pH range and can substantially enhance the display of peptides by APC both in vitro and in vivo. This class of small molecules may be useful for enhancing the therapeutic activity of DR-binding peptides or for tethering proteins of interest to APC for long-lived display to T cells.
Materials and Methods

Fluorescence polarization assay
A previously described fluorescence polarization (FP) 3 assay (16, 27) was used to study the kinetics of peptide binding to DR molecules. Soluble DR-CLIP complexes were expressed using Chinese hamster ovary cell transfectants and the linker connecting the CLIP peptide to the DR␤ chain was cleaved with thrombin before peptide-binding experiments (28) . Three different DR-CLIP complexes were used: DR1 (DRA, DRB1*0101), DR15 (DRA, DRB1*1501), and DR4 (DRA, DRB1*0401). For assays involving DR4-CLIP, thrombin was added ϳ10 min before peptide exchange assays because this complex had a short half-life. For the FP assay with DR15, an Alexa Fluor 488-labeled derivative of the human myelin basic protein (MBP) 85-99 peptide (MBP-488) was used in which the lysine at the P5 position of the peptide was modified to cysteine for attachment of a maleimide derivative of Alexa Fluor 488 (ENPVVHFFC (Alexa488)NIVTPR) (16) . For the FP assay with DR1 and DR4, the influenza hemagglutinin (HA) 306 -318 peptide was labeled with Alexa488 at the N terminus (HA-488, Alexa488-CGGGPKYVKQNTLKAT, cysteine and N-terminal linker underlined). Peptide binding assays were performed in 384-well plates in 40-l volumes. Compounds in DMSO or DMSO controls were added in a 1-l volume. Reactions were typically set up in a buffer containing 150 mM sodium chloride and 50 mM sodium citrate (pH 5.2), except for pH profiling experiments that used a citrate/phosphate buffer system (100 mM) in which pH steps were generated by mixing equimolar stocks of citric acid and disodium hydrophosphate at different ratios. FP measurements were made using a Victor3 plate reader (PerkinElmer), as previously described (16, 27) , and fit to a single exponential binding function to extract rates (FP ϭ FPmax ϫ [1 Ϫ exp (Ϫrate ϫ time) ]). For peptide dissociation assays, a fluorescent DR15-MBP-488 complex was generated by incubation of DR15/CLIP (1 M) with 500 nM MBP-488 for several hours at 37 o C in sodium citrate buffer; unbound peptide was then removed with a gel filtration column (PD10; GE Healthcare). Dissociation of MBP-488 from the DR15-MBP-488 complex (100 nM) was measured in the presence of J10 or J10-1 (100 M) as well as unlabeled competitor peptide (50 M).
Screening of small molecule libraries
The compound library consisted of ϳ83,000 small molecules, including compounds approved by the Food and Drug Administration, purified natural products as well as compounds purchased from Peakdale, Maybridge, Cerep, Bionet Research, Prestwick, Specs and Biospecs, ENAMINE, Life Chemicals, MicroSource Diversity System's NINDS custom collection, Chembridge, ChemDiv, and several academic institutions. A series of computational filters, including filters for clogP and predicted solubility, were used to select compounds from these sources. In general, compounds adhered to Lipinski's rules (i.e., molecular mass Ͻ500, H-bond donors Յ5, H-bond acceptors Յ10, and logP Ͻ5) and contained a low proportion of known toxicophores (i.e., Michael acceptors and alkylating agents) and unwanted functionalities (i.e., imines, thiols, and quaternary amines). The library was also optimized for molecular diversity.
The initial screening of modulators of peptide binding to DR15 was performed using 150 nM DR15, 30 nM MBP-488, and 20 nM DM in 150 mM sodium chloride and 50 mM sodium citrate (pH 5.2), while the subsequent evaluation of small molecule analogs was performed under the same conditions, but in the absence of DM. Soluble DM was expressed and purified as previously described (27) using the baculovirus system (pAcDB3 plasmid with BaculoGold Baculovirus; BD Biosciences) and consisted of the ␣-chain (signal peptide, residues ␣1-204 of the mature polypeptide followed by a FLAG tag) and ␤-chain (signal peptide, residues ␤1-210 of the mature polypeptide and a protein C tag) and had two of the three glycosylation sites mutated (␣N165D and ␤N92D). DM was purified from Sf9 culture supernatants using an anti-protein C column (Roche Applied Science).
All 
Synthesis of J10-linked peptides
A succinimide ester derivative of J10 (J10-2) was attached to a lysine residue at the N terminus of the MBP peptide (J10-2.MBP; J10-2-KENPVVHFFC(Alexa488)NIVTPR) or its C terminus (MBP.J10-2; ENPVVHFFC(Alexa488)NIVTPRK-J10-2; JPT Peptide Technologies; see Fig. 4 , D and E) (underlined residues indicate sequence that has been modified from the natural MBP sequence). Alexa488 was attached using maleimide chemistry to a cysteine at the P5 position.
Assessment of small molecule activity in cells
MBP peptide 85-99 (pMBP, ENPVVHFFKNIVTPR) presentation by MGAR cells (homozygous for the DR15 (DRB1*1501, DRB5*0101, DQB1*0602) haplotype; Health Protection Agency Culture Collections no. 88022014) was measured using a recombinant Ab (MK16) that recognizes the DR15-pMBP complex (29) . This Ab was modified by addition of a BirA biotinylation motif at the C terminus of the H chain. The Fab of this Ab was refolded from individual chains expressed in Escherichia coli and the BirA site was biotinylated to generate a fluorescent MK16 tetramer with streptavidin (SA)-allophycocyanin (Invitrogen). To directly measure peptide binding to DR15, 10 5 MGAR cells were incubated in a 96-well plate with pMBP at a concentration of 1-10 M in the presence of J10, J10-1, or the inactive derivative J10-4 for the indicated times in DMEM/ 10% FBS. Cells were then stained with either 1 g of MK16 tetramerized with SA-allophycocyanin or 100 ng of biotin-labeled anti-DR mAb L243 and SA-allophycocyanin in a volume of 100 l for 1 h on ice and washed twice with PBS/0.5% FBS. The level of fluorescence was quantified by flow cytometry (BD Biosciences FACSCalibur). The background autofluorescence was determined by staining of MGAR cells that had not been exposed to pMBP.
To determine whether endocytosis is required for J10 function, MGAR cells were prefixed on ice using 1% formaldehyde in PBS for 5 min at 5 ϫ 10 5 cells/ml and then washed three times with DMEM/10% FBS. As a control, the same number of MGAR cells was incubated on ice in PBS without formaldehyde. In brief, 10 5 MGAR cells from each group were then incubated with 10 M pMBP in the presence of J10-1, J10-5 (both at 100 M), or DMSO for 2 h at 37 o C in a volume of 100 l. Peptide loading was assessed by MK16 staining as described above.
The effect of J10 and its derivatives on pMBP display was also assessed using a murine T cell hybridoma (7678 cells; L. Fugger, unpublished data) that recognizes the DR15-pMBP complex. One hundred microliters of MGAR cells (5 ϫ 10 5 /ml) was preincubated with pMBP (4.57-123 nM) in the presence of small molecules (100 M) for 2 h at 37 o C and washed twice to remove free peptide and small molecules. Peptide-pulsed MGAR cells (5 ϫ 10 4 ) were then cocultured overnight at 37 o C with 7678 cells (5 ϫ 10 4 ) and IL-2 release was assayed from 50 l of supernatant using a Mouse IL-2 Flex Set Cytometric Bead Array (BD Biosciences). The same experimental design was also used to examine presentation of the influenza HA 306 -318 peptide (pHA; PKYVKQNTLKAT) by PRIESS cells (homozygous for the DR4 (DRB1*0401) haplotype; Health Protection Agency Culture Collections no. 86052111) to a human DR4-restricted T cell clone (clone HA:D7) specific for pHA. This T cell clone was generated by flow cytometric sorting of T cells stained with a DR4/pHA tetramer from a pHA-responsive T cell line established from a healthy donor.
Assessment of in vivo activity
Transgenic mice that express DR15 as well as a DR15-restricted and pMBP-specific TCR (30) were used as a mouse model to assess the in vivo efficacy of J10-1. Biotinylated pMBP (bio-pMBP, biotin-SGSGENPVVH FFKNIVTPR) at a dose of 65 g (36 nmol) was injected with or without J10-1 (5-20 nmol) in 10 mM phosphate buffer (pH 7.4)/30% DMSO in a total volume of 10 l into the base of mouse ears, similar to a previously described procedure, using a 31-gauge insulin syringe (BD Biosciences) (31, 32) . DMSO was added to improve the solubility of injected compounds and did not cause alterations in bio-pMBP uptake, swelling at the injection site, or differences in cell numbers recovered from draining lymph nodes (data not shown). Sixteen to 20 h after injection, the draining superficial parotid lymph node (located dorsal to the junction between the superficial temporal and maxillary veins) (33) Toxicity studies DR4-transgenic mice (34) (Taconic Farms) were injected s.c. with 10 mg/kg J10-1 (ϳ500 nmol/mouse) or PBS alone (three mice per group) on a daily basis for 7 days. On day 8, mice were sacrificed and draining inguinal lymph nodes and spleens were removed for flow cytometric analysis of cell populations using four sets of stains: 1) cell populations of the adaptive immune system (CD4-Pacific Blue (Caltag Laboratories), CD8-allophycocyanin (BD Pharmingen), CD19-PE (BD Pharmingen), CD49b-FITC (BD Pharmingen)); 2) T cell activation state (CD4-Pacific Blue, CD8-allophycocyanin, CD44-bio:SA-allophycocyanin (eBioscience and Invitrogen), CD69-FITC (BD Pharmingen)); 3) regulatory T cells (CD3-FITC (BD Pharmingen), CD4-Pacific Blue, CD25-PE (BD Pharmingen), GITR-allophycocyanin (eBioscience)); and 4) dendritic cell and B cell number and activation state (CD11c-PE/Cy7 (eBioscience), CD19-Pacific Blue (BioLegend), CD80-allophycocyanin (eBioscience), CD86-bio: SA-PE (eBioscience and Invitrogen), L243-FITC). Mice were fixed in Bouin solution (Sigma-Aldrich) and necropsy and histological analysis of 20 tissues were performed by the Dana-Farber/Harvard Cancer Center Rodent Histopathology Core. The pathologist was not aware of the treatment status of the mice. All animal studies were approved by the Animal Care and Use Committee of the Dana-Farber Cancer Institute.
Results
Small molecules that catalyze peptide loading
A high-throughput screening effort (83,000 compounds) was undertaken to identify small molecules that modulate peptide loading onto DR molecules. A class of small molecules (11 active analogs; data not shown) was identified that accelerated peptide exchange in the absence of DM (Fig. 1) and the most active of these compounds, J10, was selected for further characterization. The ability of J10 to accelerate peptide loading was examined with a real-time peptide-binding assay based on a FP readout. For that purpose, a MBP peptide (residues 85-99) that binds to DR15 (DRA, DRB1*1501) (35) was labeled with Alexa488 (MBP-488). In this FP assay, the small fluorescent peptide tumbles quickly in solution and thus gives low FP readings (ϳ120 millipolarization units (mP)), while the complex of fluorescent peptide and DR15 tumbles more slowly and produces higher FP readings (ϳ350 mP). In this manner, binding curves could be measured in real time both in the presence and absence of small molecules and fit to a single exponential binding equation to extract rates. In this assay, peptide loading could be accelerated 4.7-and 11.5-fold by J10 at concentrations of 10 and 30 M, respectively.
A structure-activity relationship study was undertaken for which 77 J10 analogs were prepared. A total of 13 compounds had greater than 2-fold higher activity than J10 (supplemental Fig. S2 4 ) and the most active compound, J10-1, had ϳ5-fold higher activity than J10 (Fig. 1, B and D) . J10-1 could accelerate peptide exchange 15.9-fold at a concentration of 10 M and 66.4-fold at 30 M. These results demonstrate that derivatives of J10 greatly accelerate the loading of peptides onto DR15 molecules.
The extensive optimization efforts also allowed us to define the structural requirements for J10 activity (supplemental Fig.  S1 ). The placement of all hydrogen bond donors and acceptors was critical for J10 activity as removal or exchange (such as reversing the amide linker between the two ring structures) abrogated activity. The carboxylic acid moiety attached to the indole ring was also important for activity. When this group was converted to an ester (J10-4) activity was lost, while activity was retained upon replacement with a tetrazole, a wellrecognized carboxylic acid mimic (J10-9; supplemental Fig.  S1A ). Addition of electron-withdrawing groups to either ring structure (except the four position of the indole or the two position of the phenyl) significantly improved activity, while electron-donating groups (such as in J10-5) decreased activity (supplemental Fig. S1B ). The phenyl ring in J10 could be replaced with other heteroaromatic structures such as substituted isoxazoles or substituted pyridines, but replacement of the phenyl ring with nonaromatic moieties such as a cyclohexyl or an isopropyl group abolished activity (supplemental Fig. S1C ).
Catalytic action on multiple DR allotypes
In cells, peptide binding is an exchange process involving dissociation of a DR-bound peptide and association of a new ligand. In the experiments shown above, this exchange reaction involves dissociation of the low-affinity CLIP peptide from DR15 and binding of MBP-488. To directly investigate whether J10 and related compounds act on the first step, the dissociation of the DR-bound peptide, DR15 was loaded with MBP-488 and dissociation of the labeled peptide was followed in real time by FP. The complex between DR15 and MBP-488 used in this assay is much more stable than DR15/CLIP and thus provided a stringent test of J10 activity. In the absence of a small molecule catalyst, peptide dissociation was very slow (complex half-life (t 1 ⁄2) of 2097 min) even in the presence of a high concentration of competitor peptide. J10 and J10-1 greatly accelerated dissociation of MBP-488 (t 1 ⁄2 of 269 and 116 min, respectively), indicating that they could induce dissociation of even a high-affinity peptide from DR15 (Fig. 1E) . In contrast, a previously reported group of small molecules could only induce dissociation of low-affinity peptides from DR molecules and this activity required much higher compound concentrations (millimolar range) (36) .
An important question was whether these compounds act only on DR15 or also on other DR allotypes. The analysis was therefore extended to DR1 (DRB1*0101) and DR4 (DRB1*0401) using the influenza HA 306 -318 peptide labeled with Alexa488 (HA-488) as a probe (Fig. 2, A and B) . The overall rate of peptide binding in the absence of the small molecules differed substantially between these DR allotypes and the slowest rate was observed for binding of HA-488 to DR1, which has the highest affinity for the CLIP peptide (37) . Similarly, the rate of MBP-488 binding to DR15 was Ͼ10-fold faster when the low-affinity complex of DR15 and CLIP rather than the high-affinity complex of DR15 and pMBP was used (Fig. 2, C and D) . The small molecule catalyst J10-1 had much higher activity than J10 with all three DR allotypes. Importantly, the activity of this small molecule was not restricted to a particular DR allotype (comparison of DR1, DR15, and DR4), a particular input DR-peptide complex (comparison of DR15/CLIP and DR15/ pMBP) or a particular peptide moving into the site (comparison of MBP-488 or HA-488; Fig. 2 ). However, J10 and J10-1 had no discernible activity on a tested mouse MHC class II molecule (I-A g7 ), even though human DM could accelerate peptide binding to this MHC protein (data not shown).
DM is most active at the acidic pH of the peptide-loading compartment. In contrast, both J10 and J10-1 were active over a broad pH range (Fig. 3) , which may allow peptide exchange to occur in environments where peptides are more stable, such as the cell surface or early endocytic vesicles. For DR15, pH-dependent peptide exchange was examined in the presence of DM, J10, J10-1 or in the absence of a catalyst (Fig. 3A) . The activity of DM declined substantially with increasing pH (acceleration of peptide binding of 15-fold at pH 4.7, 8-fold at pH 5.6; no activity at pH 7.1), while J10-1 remained active over this pH range (15.6-fold at pH 4.7, 28-fold at pH 5.6, 12.6-fold at pH 7.1). For the other two DR allotypes (DR1 and DR4), spontaneous exchange in the absence of DM was too slow to be reliably measured and the analysis therefore focused on a comparison of the pH profile of J10-1 and DM (Fig. 3, B and C) .
Destabilization of DR-peptide complex by a J10 group attached to the peptide N terminus
To globally define the DR region to which J10 might bind, a J10 derivative was covalently attached to either the N or C terminus of pMBP (Fig. 4) . We reasoned that a DR-peptide complex may have reduced stability if the J10 binding site is located in the vicinity of one of the peptide termini because the linked J10 group could then engage its binding site and promote dissociation of the DR-bound peptide. This experimental approach required identification of a site on J10 to which a linker could be attached without a detrimental effect on activity. Chemically tractable sites such as the nitrogen of the indole, the carboxylic acid, or the amide between the two rings were excluded as potential sites. However, a linker containing a succinimide ester group could be attached to the methylene carbon between the amide carbonyl and the indole without loss of activity (Fig. 4B) . This succinimide ester derivative of J10 (J10-2) retained full activity and catalyzed the binding of MBP-488 to DR15 (Fig. 4A) .
This chemistry was then used for covalent attachment of J10 to lysine residues placed at the N or C terminus of pMBP (Fig. 4 , D and E). These peptides were also labeled with Alexa488 at an internal cysteine residue so that peptide dissociation could be directly compared with MBP-488 labeled at the same position. The linked J10 group was placed outside of the P1-P9 peptide core, at the P5 position for N-terminal attachment and at P12 for C-terminal linkage, making it unlikely that it sterically interfered with peptide binding (38) . MBP-488 and the fluorescent J10-linked peptides were preloaded into the DR15 binding site and the stability of the complexes was measured in the presence of an excess of unlabeled peptide to prevent rebinding of labeled peptide. When the J10 group was attached to the peptide C terminus, only a small fraction of the fluorescent peptide dissociated during the observation period. However, N-terminal placement of the J10 group substantially reduced the stability of the complex (half-life of only 300 min; Fig. 4C ). The fluorescent DR-peptide complexes were used at a concentration (100 nM) at which little activity was observed with free J10, to exclude the possibility of J10 acting on neighboring molecules (Fig. 4C, gray line) . These results indicate that the J10 group can access its binding site on the DR15 protein when it is linked to the peptide N terminus.
J10 catalysts enhance peptide presentation to T cells in vitro
In vitro, DM acts as a typical catalyst that accelerates the rate of a reaction but does not alter the equilibrium (39) and the same behavior was observed for J10 in the biochemical assays described above. However, the situation may be different in cells because a substantial amount of the peptide may be degraded before equilibrium is reached or may not reach the compartment that contains DM. A mAb (MK16) (29) that binds to the DR15-pMBP complex but not to DR15 or free pMBP was used to directly quantify the effect of J10 catalysts on peptide presentation by APC. J10 substantially enhanced surface display of pMBP by MGAR cells, an EBV-transformed B cell line homozygous for the DR15 haplotype (Fig. 5A) . The kinetics of the pMBP display by MGAR cells were then tested over a 5-h time course at two peptide concentrations (1 or 10 M; Fig. 5C ). J10 not only accelerated pMBP binding to Rates of noncatalyzed peptide binding were very low for all DR-peptide complexes.
FIGURE 3.
Small molecule catalysts are active over a broad pH range. The rate of fluorescent peptide binding (change in initial rate in mP/min) was determined in the presence of the small molecules J10 or J10-1 (both at 100 M), DM (50 nM), or a solvent control (DMSO) using MBP-488 as a probe for DR15 (DR15/CLIP as input) and HA-488 as a probe for DR1 and DR4 (DR1-CLIP and DR4-CLIP as input complexes). The concentrations of DR-peptide complexes and fluorescent peptides were as reported in Fig. 2 . Reactions were performed in a 100 mM citric acid/phosphate buffer system adjusted to the indicated pH. Due to the slow binding kinetics of HA-488 to DR1 and DR4, only curves with DM and J10-1 are shown for these allotypes. DR15 but also substantially increased the total amount of pMBP displayed on the cell surface. In fact, in the presence of J10, a 10-fold lower concentration of peptide was required for the same level of peptide display than in its absence. J10-1 had substantially higher activity than J10 in this cell-based assay, consistent with the biochemical studies described above (Fig. 5E) . As a specificity control, a small molecule that was inactive in the biochemical assay (ester of J10, compound J10-4) was also tested, and this compound did not enhance peptide display by these APC (Fig. 5E ). Enhanced display of pMBP was also not due to an increase of total HLA-DR on the cell surface (Fig. 5, B and D) .
The broad pH spectrum of J10 activity may enable catalyzed peptide loading in compartments in which peptide exchange is normally very limited, such as the cell surface or early recycling endosomes. The ability of J10-1 to increase peptide presentation on the surface of fixed MGAR cells was tested because fixed cells are unable to internalize Ag through the endocytic pathway. Cells were fixed on ice in 1% formaldehyde before being incubated with 10 M pMBP in the presence of J10-1, an inactive derivative J10-5 (both at 100 M) or DMSO control for 2 h at 37 o C. J10-1 substantially increased pMBP binding to DR15 on these fixed APC, indicating that it can catalyze peptide exchange at the cell surface (Fig. 5F) . No difference was seen in pMBP binding between fresh and fixed cells in any of the conditions tested. Nevertheless, these data do not exclude the possibility that J10 could also act in the endosomal pathway when used in conjunction with a more stable Ag.
As the next step, peptide presentation to T cells was investigated. MGAR cells were pulsed with pMBP in the presence or absence of small molecules (J10, J10-1, or inactive compound J10-5), and the cells were then cocultured for 24 h with a T cell hybridoma that recognizes the DR15-pMBP complex. The T cell hybridoma produced larger quantities of IL-2 when MGAR cells had been loaded with pMBP in the presence of J10 or J10-1, indicating that enhanced peptide loading by the small molecules results in a stronger T cell response (Fig. 5G) . The analysis was then extended to T cells specific for another DR-peptide combination using a human T cell clone specific for pHA bound to DR4 (DRB1*0401). Only J10-1 was tested in this experiment because J10 had limited activity on DR4 (Fig. 2B) . Again, coculture of the T cells with B cells (PRIESS cells, homozygous for DR4) that had been pulsed with peptide in the presence of J10-1 enhanced IL-2 production by the T cells, while an inactive J10 analog (J10-5) had no effect (Fig. 5H) . Taken together, these results demonstrate that the J10 family of small molecules substantially increases peptide presentation by APC to CD4 T cells.
In vivo activity of the small molecules
Vaccines are most commonly administered by s.c. injection and the resulting T cell response takes place in lymph nodes draining (29) . Cells not pulsed with peptide (black line) were used as a negative control to define background labeling of MK16. B, Staining of cells with the anti-DR mAb L243 showed that neither J10 nor pMBP affected the total amount of DR on the cell surface. C, J10 not only increases the kinetics of pMBP binding, but also the total amount of displayed peptide. MGAR cells were incubated with 1 or 10 M pMBP and either 100 M J10 (red) or DMSO-solvent control (green). Cells were stained with the complex of biotinylated MK16 Fab and streptavidin-allophycocyanin and the median fluorescence intensity (MFI) was measured by FACS over a course of 5 h. D, The overall amount of DR on the cell surface (L243 staining) remained constant at all time points during the experiment shown in C. E, J10-1 has increased activity in cells compared with J10. Cells were incubated with 1 M pMBP (f) for 30 min, either together with J10-1 (blue), J10 (red), or the inactive J10 analog J10-4 (black). Cells that were not pulsed with peptide (no pMBP) but still exposed to compounds were used as controls (Ⅺ: J10 (red), J10-1 (blue), J10H4 (black)). F, J10-1 can enhance peptide loading at the cell surface. Fixed MGAR cells were incubated for 2 h with pMBP (10 M) in the presence of J10, J10-1, inactive analog J10-5 (100 M), or DMSO-solvent control and then stained with MK16. G, J10 increases presentation of pMBP to T cells. MGAR cells were pulsed with different concentrations of pMBP in the presence of 100 M J10-1 (blue), 100 M J10 (red), 100 M J10-5 (black), or DMSO-solvent control (green). Washed peptide-pulsed B cells were then cocultured with a DR15/pMBP-specific T cell hybridoma and IL-2 production was quantified. H, J10-1 enhances peptide presentation to a human T cell clone specific for the DR4-pHA complex. PRIESS cells were incubated overnight with pHA at the indicated concentrations and 100 M J10-1 (blue), 100 M inactive analog J10-5, or DMSO-solvent control (green). Cells were washed, cocultured with the human T cells, and IL-2 production was quantified. The inactive J10-5 derivative was used for the experiments in D-F because J10-4 had been used up.
the injection site. Proteins and peptides flow through afferent lymphatic vessels from the s.c. tissue into the subcapsular sinus of lymph nodes. Electron microscopy studies have shown that the floor of the subcapsular sinus has small gaps through which proteins and peptides can rapidly reach follicular B cells (40) . The Jenkins laboratory (32) demonstrated that a fluorescent Ag can be readily detected in the draining lymph node after 0.5-3.5 min following intradermal injection into the mouse ear. This small space can accommodate ϳ10 l of liquid (Fig. 6A) and drains exclusively to the superficial parotid lymph nodes during the time course of the experiment (33) . We therefore examined whether the small molecules could enhance DR15 binding of biotinylated pMBP in DR15/TCR-transgenic mice (30) following injection at this site. This approach offered two advantages: 1) the mouse ear is delicate and any local inflammation or necrosis due to toxicity of the small molecule would be readily detected and 2) the peptide reaches a single, well-defined lymph node. The contralateral parotid lymph node was used as a control to examine whether . The parotid lymph node contralateral to the injection site was used as a negative control. E, Optimal J10-1 dose for enhancing peptide display in draining lymph nodes. Data are expressed as the percentage of CD19 ϩ DR high cells stained with streptavidin-allophycocyanin for detection of surface-presented biotinylated peptide. Each point represents data from a single draining lymph node. Values of p were calculated using an unpaired two-tailed t test. F, Coadministration of J10-1 increases peptide presentation to T cells. Lymph node cells from injected mice were cocultured with a T cell hybridoma that recognizes the DR15-pMBP complex and IL-2 production by T cells was quantified.
presentation of pMBP was indeed confined to the draining lymph node. In initial experiments, we examined peptide binding by both CD19
ϩ B cells and CD11c ϩ dendritic cells but found that the frequency of dendritic cells was too low (ϳ1.5-2%) to permit detection of biotinylated peptide with streptavidin-allophycocyanin. In subsequent experiments, we therefore focused the analysis on B cells, which can act as efficient APC (41, 42) . The MK16 Ab could not be used for these experiments because of background binding to lymph node cells from mice not injected with pMBP.
Injection of J10-1 did not cause any local inflammation or necrosis. We then injected the biotinylated pMBP (36 nmol, 65 g) along with J10-1 (10 nmol, 4.17 g) in a volume of 10 l at this site and examined surface display of the biotinylated peptide by APC in the draining lymph node after 16 -20 h. This time frame was chosen to ensure that only biotinylated peptide bound to DR15 would be detected. When peptide was injected without the small molecule, a small population of B cells that displayed biotinylated pMBP could be detected which expressed a high level of HLA-DR (Fig. 6, B and C) . A substantially larger population of streptavidinallophycocyanin-labeled B cells was detected when peptide and small molecule were coadministered (11.6 -12.9% of DR high B cells). In contrast, when the peptide was injected without the small molecule, the streptavidin-allophycocyanin-positive population was only modestly increased (2-4.6%) compared with control lymph nodes (0.7-1.8%). Neither peptide injection alone nor the combination of peptide and small molecule changed overall DR levels (L243 staining) on the surface of APC compared with nondraining lymph nodes. The small molecule was tested over a dose range of 5-20 nmol, and a dose of 10 nmol resulted in the highest level of pMBP staining on B cells (Fig. 6E) . Administration of J10-1 also increased presentation of the pMBP to T cells, as shown by increased IL-2 production of a pMBP-specific and DR15-restricted T cell hybridoma cocultured with draining lymph node cells isolated from mice coinjected with pMBP and J10-1 (Fig.  6F ). In the absence of hybridoma T cells, IL-2 could not be detected in cultures of draining lymph node cells even though the mice carried the transgene for a TCR that recognized pMBP presented by DR15; this result may be explained by tolerance mechanisms. These results demonstrate that J10-1 is active in vivo and that it induces a substantial increase in peptide presentation by B cells in lymph nodes draining the injection site.
Absence of nonspecific immune cell activation
Although only small quantities of J10-1 were required to enhance the presentation of a coinjected peptide within the draining lymph node, it was nevertheless necessary to determine whether J10-1 could cause toxicity or nonspecific activation of any immune cell population during the time course of the experiments described above that might account for the observed increase in peptide presentation. To ensure mice could respond to J10-1 but also had a diverse T cell repertoire, DR4-transgenic mice (34) were injected s.c. on a daily basis for 7 days with a high dose (10 mg/kg, ϳ500 nmol) of J10-1 in PBS or PBS as a control (two female and one male mouse per group). No changes in behavior or activity were noted during the 1-wk observation period and the weight remained stable. Mice were sacrificed on day 8 and spleens and lymph nodes were removed for FACS analysis. Necropsy and a comprehensive histological analysis of 20 organs were performed by a pathologist who was blinded of the treatment status of the mice. No differences were noted between the two groups; two males (one injected with J10-1 and one injected with PBS) showed very mild kidney abnormalities that were absent in the female mice; these abnormalities may be caused by the DR4 transgene.
We further examined whether small molecule administration altered the composition of immune cell subsets in lymph nodes draining the injection site or in the spleen by performing a comprehensive FACS analysis using the markers listed in supplemental Table S1 . There were no differences in the composition of CD4 and CD8 T cell subsets, the frequency of memory or activated T cells, or the frequency of regulatory T cells. Furthermore, no changes in the frequency of immature or mature dendritic cells, B cells, or NK cells were observed. We conclude that there is no apparent acute toxicity even at a high dose of this small molecule as well as no evidence of nonspecific immune system activation or depletion of a particular cell population. The increase in peptide display detected in the in vivo experiments is therefore due to specific action of J10-1 on DR molecules.
Discussion
This study describes a group of small molecules that significantly accelerate the rate of peptide loading onto DR molecules. An indepth medicinal chemistry effort led to a series of derivatives with substantially increased activity compared with the initial compound and demonstrated key features required for catalysis of peptide exchange. These compounds are active in vivo and substantially increase the display of coinjected peptide by local APC in lymph nodes draining the injection site.
For peptides to become good immunogens, it is critical that fast loading is accomplished in environments with limited proteolysis. This concept is illustrated by the fact that proteins which are more resistant to proteolysis are better immunogens because they survive longer in the endocytic pathway (43) . When injected in vivo, the time frame during which peptide can be loaded onto MHC molecules is short because of rapid degradation, and the J10 family of compounds described here act during this critical time frame by making MHC class II binding sites available. The broad pH activity range of these compounds enables exchange at the cell surface and in early endocytic compartments with a neutral or slightly acidic pH and limited protease activity.
Fluorescent protein has been shown to reach draining lymph nodes through afferent lymphatic channels within minutes following s.c. injection (31, 32) . The coinjected peptide and small molecule may thus quickly reach the draining lymph node where the small molecule facilitates rapid loading of the peptide before it is degraded. The action of the small molecule is likely to be transient and local because the compound is diluted below the effective concentration range once it reaches the bloodstream. However, the effect of the compound can be long-lasting in the local lymph node environment because it can substantially enhance display of peptides with a long half-life to T cells. The small dose that is required for this transient and local action in draining lymph nodes substantially reduces the potential for side effects that could be caused by toxicity or systemic changes of the peptide repertoire on APC. In fact, even repeated administration of 50-fold larger quantities of compound failed to reveal acute signs of toxicity or changes in the composition of immune cell populations.
Several other small molecules have been described that facilitate peptide loading onto DR molecules, but to our knowledge none of these have been shown to be active in vivo. The most active compound in the first set was parachlorophenol (36) but very high concentrations of this compound were required for in vitro peptide loading (millimolar range), making it unlikely that it can be used in vivo. Also, the requirement for such high compound concentrations will make it difficult to identify the binding site of these molecules and their precise mechanism of action. The second set of compounds were adamantane derivatives (44) that were active at lower concentrations (100 M for substantial activity), but only acted on a subset of DR molecules. They accelerated peptide exchange by DR molecules with a large P1 pocket (glycine at DR␤ 86), but not DR molecules with a smaller P1 pocket (valine at DR␤ 86). Modeling studies showed that the compound could fit into the P1 pocket of DR molecules with a glycine at DR␤ 86, and the authors suggested that these compounds may facilitate peptide loading by preventing collapse of this hydrophobic pocket. The set of small molecules described here act on DR molecules with a valine (DRB1*1501) or glycine (DRB1*0101, DRB1*0401) at DR␤ 86, and their mechanism of action may therefore be different from the adamantane derivatives with which they share no structural similarities. Short synthetic peptides have also been shown to facilitate peptide exchange at high concentrations and may prevent denaturation of empty DR molecules by transiently occupying the binding site (45) .
The precise mechanism of action of DM remains unknown because it has thus far not been possible to crystallize the complex of DM and a MHC class II molecule. Thorough mutagenesis studies have identified a large interface between DM and DR that spans the length of the ectodomains of both proteins (23, 24) . Small molecules may therefore be useful probes to study conformational states of MHC class II molecules that rapidly release the bound peptide. The functional studies revealed similarities between DM and the J10 family of compounds that are worth noting. Both facilitate peptide dissociation and association irrespective of peptide sequence and appear to bind in the vicinity of the peptide N terminus (14 -16, 24, 46) . Mutagenesis studies have identified residues on the DR␣ chain close to the peptide N terminus that are required for DM action (23, 25) . The fact that J10 family compounds act on all tested DR molecules indicates that they could bind to the nonpolymorphic DR␣ chain, but it remains possible that they bind to a surface feature conserved among the polymorphic DR␤ chains. Structural studies will thus be required to determine whether J10 compounds bind to a similar site as DM and to elucidate conformational changes that facilitate peptide release from DR molecules.
The small molecule catalysts thus enable efficient loading of peptides in compartments that lack the natural catalyst DM and thereby address one of the critical problems of peptide-based therapeutics, their rapid degradation by proteases. Small molecules that accelerate peptide loading may be useful for enhancing the efficacy of peptide-based vaccines directed at cancer Ags and infectious agents. They could also potentially be used to enhance display of self-peptides for induction of T cell tolerance in autoimmune diseases and to improve presentation of Copaxone by HLA-DR proteins to T cells. Copaxone is a copolymer of four amino acids that binds to HLA-DR molecules and induces regulatory CD4 T cells (47) . It is currently used for the treatment of multiple sclerosis, but reduces relapses by only ϳ30% (48). Copaxone lacks a stable three-dimensional structure which renders it highly susceptible to proteolysis. Rapid loading by a DM-like catalyst at the cell surface could thus increase presentation of Copaxone-derived peptides. It may also be possible to covalently link J10 to such therapeutics using the chemistry reported here so that they will be equipped with a small molecule with DM-like activity that facilitates their binding to MHC class II molecules. The compounds reported here thus have a number of potential applications for MHC class II-based therapeutics.
